object following purely visual conventions or at least what was heretofore often assumed to be either purely visual, purely conventional, or both (Lederman et al 1990; . A recurrent but not systematic finding (see, eg, D'Anguilli et al's 1998 study with blind children for an exception) showed that late-blind (LB) and sighted (S) subjects often outperformed early-blind (EB) adults in varied tactile picture perception tasks. This finding pertains to the current debate about the role of visual experience and visual imagery in tactile picture perception. This debate concerns two theories of haptic raised-line drawing identification. The theory put forward by Lederman et al (1990) argues that the identification of raised-line drawing is achieved via visual imagery. In contrast, Kennedy (1993) assumes that picture identification by touch is possible without visual experience and visual imagery, despite being difficult, and perhaps amodal.
In the present study, we examined the role of visual experience and visual imagery in the processing of non-figurative two-dimensional (2-D) tactile patterns, ie spatial configurations that do not include information in the third dimension. Such 2-D patterns are an interesting type of tactile pictures for experimental research. Actually, as blind people sometimes have difficulties in recognising tactile pictures, 2-D patterns are useful for checking whether these difficulties are related to the processing of tactile spatial configurations per se. Indeed, irrespective of additional difficulties due to interpreting the meaning of what is perceived, it may be argued that the difficulties some blind people experience with tactile pictures are due, at least partially, to inefficient mental representations or memory strategies used to encode tactile patterns. The way tactile patterns are processed and stored in working memory may differ greatly, depending on the subject's level of visual experience and this may have a direct impact on the ability to deal with tactile pictures.
Different studies have already suggested that the way information is encoded and maintained in the working memory varies according to the age at the onset of blindness and task demands, in some cases affecting performance on spatial-imagery tasks. Using an active visuo-spatial memory task with verbally described 2-D matrices, Vanlierde and Wanet-Defalque (2004) observed that EB, LB, and S individuals reached similar performance levels although they used different strategies. EB subjects reported that they used an x, y coordinate system to encode the matrix, whilst LB and S subjects generated a mental visual image of the matrix, thereby taking advantage of a visuo-spatial strategy. In a recent study, involving a larger sample of totally blind participants, Cornoldi and colleagues (2009) showed that S, EB, and LB individuals may use a spatial mental imagery, a verbal, and a mixed strategy when asked to generate a mental representation of verbally described 2-D matrices. However, when the task was made more complex, the EB group performed less well than the other groups when they employed a spatial strategy, but not when they used a verbal strategy.
To our knowledge, no study linking strategy to performance level has yet been carried out with non-figurative 2-D tactile patterns. If we want to get a more complete understanding of the mechanisms underlying tactile picture perception, it is important to determine whether the lack of visual experience and visual imagery actually imposes a difficulty in the processing of 2-D tactile patterns. We also need to gain further knowledge of the nature and efficiency of the memory strategies used by EB, LB, and S subjects when faced with 2-D tactile patterns. We therefore designed the present study to examine (i) whether EB individuals perform at a lower level than LB and S individuals on a 2-D tactile pattern recognition task, (ii) the strategies used by EB, LB, and S individuals to encode and maintain the tactile patterns in memory, and (iii) the precise relations between strategy and haptic recognition performance.
We used non-figurative 2-D patterns made from different combinations of a series of vertical, horizontal, and oblique segments as material in a haptic recognition task.
The use of such patterns eliminated the possibility that EB individuals would be impaired by pictures because of their poor knowledge of visual conventions for drawing objects (see . In addition, it eliminated any difficulties due to accessing semantic information on the content of the tactile pictures (see Heller 1989; Heller et al 1996) . The haptic recognition task included three phases: first, participants explored a tactile pattern (encoding phase); second, they kept it in memory for 5 s (retention delay); third, they explored a second pattern and had to decide whether the second pattern was similar to or different from the first (test phase). The introduction of a 5 s retention delay between the encoding and test phases was intended to elicit the use of a memory strategy in participants. Following the example of Cornoldi et al (2009) , the memory strategies were inferred from interviews with the participants.
Our hypotheses were as follows: if the lack of visual experience and visual imagery imposes difficulties in processing 2-D tactile patterns, then EB subjects should achieve a lower level of performance than LB and S individuals in the haptic recognition task. On the basis of previous findings, we expected that the memory strategies would vary according to the visual status and age at the onset of blindness: EB subjects were expected to report the use of spatial, kinesthetic, and/or verbal (ie non/visual) strategies, whereas only LB and S participants could call up a visuo-spatial strategy. Finally, if different memory strategies differ in their level of efficiency in dealing with 2-D tactile patterns, then haptic recognition performance should vary according to the strategies.
Method

Participants
The volunteers were thirty-six French adults. They were divided into three groups according to their visual status: EB group (twelve subjects, seven women and five men; mean age 37 years, SD 18 years), LB group (twelve subjects, four women and eight men; mean age 37 years, SD 10 years), and S control group (twelve subjects, eight women and four men; mean age 35 years, SD 10 years). Participants from the EB group all had become totally blind (no perception of object shapes or position, and little or no light perception) before 36 months of age. The age of onset of total blindness for the LB participants varied from 5 to 25 years. None of the EB and LB participants suffered from a known neurological dysfunction in association with their visual impairment. They were or had been members of the Young Blind Institute (Institut des Jeunes Aveugles, Toulouse, France); they took part in the study following a telephone and/or electronic call. The S participants were recruited on the campus of the University of Toulouse. Table 1 provides a more detailed description of the EB and LB participants. The study was carried out in accordance with the World Medical Association Helsinki Declaration as revised in October 2008.
Material
The stimuli consisted of 40 2-D raised-line patterns (20 cm long) made from a combination of 6 segments (2 horizontal, 2 vertical, and 2 oblique). Each individual stimulus was printed on a Swell paper and heated so that the trace got embossed (1 mm high). Our material involved large-size patterns. Several studies (Kennedy and Bai 2002; Wijntjes et al 2008b) pointed to easier exploration, and higher accuracy, and speed of identification for large-size images (images that covered a 21 cm629.7 cm area) as compared to images of smaller size (half this size) that have been used in previous works.
Two series of 10 pairs of stimuli were used. Each series included 5 identical and 5 different pairs. Figure 1 shows the identical and different pairs used in the first series. The second series consisted of mirror images of the first series. The different pairs included each a target image and a distractor; the distractor was constructed by exchanging the position of two successive segments from the target image (either the third and fourth segments or the fourth and fifth ones). Variation in the position of two successive segments located at the centre of a target image was included to prevent bias in the recognition process due to possible primacy and recency effects (Murdock 1962) in the retention of the components of a pattern. Each stimulus had a circle on top of the initial segment which made the starting point for haptic exploration salient.
Procedure
The study was performed on an individual basis. Following the example of Thompson et al (2003 , each participant first completed a vividness of imagery questionnaire (VIQ). Thompson provided us with her English version of the VIQ (adapted from Betts's questionnaire upon mental imagery öRichardson 1969), and this was translated into French. It consisted of three subscales (visual, tactile, and kinesthetic), each including a series of 5 items. Participants rated each item from 1 to 5, where 1 indicated that``the image is perfectly clear and as vivid as the actual experience'', and 5 indicated that``there is no image present, you only`know' that you are thinking of an object''. For each subscale, the scores ranged from 5 (high imagery) to 25 (low imagery). S subjects completed all three subscales. EB and LB subjects completed the tactile and kinesthetic subscales. Participants with visual impairment additionally answered a questionnaire about their vision and additional personal information. Afterwards they were introduced to the haptic recognition task. Control participants were blindfolded during the task (they were wearing a sleeping mask).
The recognition task involved two series of 10 test trials each, plus 2 additional training trials. In each trial, participants first explored a pattern using the index finger of their dominant hand, and reading the tactile pattern from top (starting with the circle) to bottom. The experimenter instructed them to read the pattern using a light touch with a constant speed. Haptic exploration of a pattern took $ 6 s (1 s per segment). Note that we constrained all participants to use a single exploration mode (with the index finger of one hand) in order to avoid bias in recognition performance due to differences in spontaneous exploration modes between sighted and blind subjects. Some studies have suggested that, whilst sighted adults mostly explored raised-line pictures with their index finger (Symmons and Richardson 2000) , adults with visual impairment may call up more efficient exploratory modes (ie involving a large-size fieldöRichard et al 2004; Russier 1999; see also D'Anguilli et al 1998). Once the pattern was fully explored, participants lifted their finger and a 5 s retention delay was introduced. Results from a pre-test involving S subjects revealed that a 5 s retention delay was sufficient to ensure recognition performance above chance level and below ceiling. Afterwards, participants had to explore a second pattern using the same procedure as the one described above. Their task was to decide whether the second pattern was similar to or different from the first. In half of the trials, the two patterns were similar; in the other half, the second pattern was a distractor of the target pattern. The presentation order for each series of trials was counterbalanced across participants of each group. Presentation order for the test trials was varied for each participant. The constraints were that the same target pattern could not appear more than twice in successive trials, and that no more than two trials requiring the same response could occur in immediate succession. After completion of each series of 10 trials, the experimenter interviewed the participants in order to analyse the type of strategy they had employed to memorise the patterns (see Cornoldi et al 2009 for a similar procedure). In other words, participants were asked to describe how they encoded and kept the information in memory. At the end of the session, S participants were asked to complete a revised version of the Minnesota Paper Form Board (MPFBöLikert and Quasha 1941), a visuo-spatial test widely used in imagery research (see, eg, Denis 2008) . The test consisted of a series of 64 problems: for each problem, participants had to combine mentally separate visual geometric forms in order to select the correct figure resulting from that combination. Participants had 20 min to complete the test. The MPFB scores ranged from 0 (lowest visuo-spatial imagery) to 64 (highest visuo-spatial imagery). We used the MPFB test in order to get an objective measurement of S participants' visuo-spatial imagery, in complement with their self-perceived vividness of visual mental imagery.
The full session lasted $ 30 min for the blind participants (tactile and kinesthetic subscales of VIQ personal questionnaire haptic recognition task). It took $ 50 min for the S participants (visual, tactile, and kinesthetic subscales of VIQ haptic recognition task MPFB).
Results
Haptic recognition performance
Each participant was assigned scores for hits (correct recognitions, ie identical responses to identical pairs) and false alarms (reporting an absent signal as present, ie identical responses to different pairs) on the total of 2610 test trials. Both scores could vary from 0 (minimum) to 10 (maximum). Mean scores for hits and false alarms appear in table 2. Prior to statistical analysis of between-group differences, we examined the distribution of data using the Shapiro^Wilk test to determine whether the data distributed normally (Shapiro and Wilk 1965 ). An a level of 0.05 was used for all our statistical analyses. Some deviations from normality were identified. We therefore used nonparametric tests. Kruskal^Wallis tests revealed no significant between-group differences in the mean number of hits obtained by EB (mean 7.33, SD 1.92), LB (mean 7.75, SD 2.34), and S (mean 7.67, SD 1.50) participants (H 2 36 0X62, p 0X73). The three groups did not differ significantly in their frequency of production of false alarms (EB: mean 2.58, SD 1.31; LB: mean 1.58, SD 1.68; S: mean 1.83, SD 2.33) (H 2 36 3X30, p 0X19).
We decided to test further between-group differences in haptic recognition performance using alternative indicators to hits and false alarms. We assessed haptic recognition performance using two additional and much more precise indicators (A H and B HH ) from the signal detection theory (see Grier 1971) . The A H indicator is an index of discriminability that may be used instead of the number of hits. It ranged from 0 to 1, with 0.5 indicating responses at chance level, and 1 indicating maximum discriminability. This index was computed according to Grier's formula:
, where y stood for the probability of a hit and x corresponded to the probability of a false alarm. The B HH indicator was representative of the participant's decision criterion. It ranged from À1 to 1, with À1 indicating a liberal criterion for decision (ie participants were biased toward the`yes' answeröthe two patterns were similar) and 1 a conservative criterion for decision (ie participants tended to answer no'öthe two patterns were different). The B HH index was computed according to Grier's formula:
, where y corresponded to the probability of a hit and x to the probability of a false alarm. Table 2 presents the mean results obtained for discriminability A H and decision criterion B HH for EB, LB, and S participants.
Statistical analyses (Kruskal^Wallis) run on discriminability and decision criterion confirmed our previous analyses: there was no significant difference among the groups in both discriminability (H 2 36 1X79, p 0X40) and decision criterion (H 2 36 4X64, p 0X10). As shown in table 2, participants demonstrated good discriminability in the tactile-patterns recognition task regardless of their visual status (mean discriminability varying between 0.74 and 0.81). There was no significant disadvantage of the EB as compared with the other two groups.
Reported memory strategies
Two independent judges classified the participant's verbal reports according to the strategies used to memorise the patterns. The two judges agreed on 69 out of 72 cases (Goodman^Kruskal g 0X92) (Goodman and Kruskal 1954) . Disagreements were settled by discussion. A total of 9 different strategies were observed (4 single and 5 combined strategies). These could be categorised as two main types: visual and non-visual strategies (see table 3 ). We describe below the single strategies used by the participants.
Visuo-spatial' strategy: Participants imagined how parts of the configuration or the whole pattern looked like, with reliance on visual imagery (eg S:``I tried to visualise the picture and to keep it in mind'').
Verbal' strategy: Participants used descriptive words to encode spatial information (eg EB:``I said right or left, oblique, the form makes a sort of zig-zag'').
Spatial' strategy: Participants imagined how parts of the configuration or the whole pattern looked like without recourse on visual cues (eg EB:``I focused on the direction and orientation of the segments to get an idea of the figure'').
Kinesthetic' strategy: Participants imagined how parts of the configuration or the whole pattern looked like with reliance on motor or kinesthetic information (eg LB:`I used the tactile memory of the movement''). Close inspection of the data indicated that in 70% of the cases, participants did not change their strategy from the first to the second series of test trials. Variations observed , , Table 3 . Numerical distributions of the EB, LB, and S participants according to the strategy used. in strategy use concerned the shift from single to combined strategies, but there were no shifts between visual and non-visual categories. We collapsed strategies across the two series of trials and we referred the overall performance of each participant to one type of strategy (in cases of change, the latest strategy used was recorded). The numerical distribution of the participants by strategy is displayed in table 3. We performed w 2 tests (see Siegel 1956 ) in order to determine whether strategy use varied according to visual status.
Strategy
Statistical analyses revealed that the distribution of the participants by strategy type (9) varied significantly according to group (Fisher exact test, p 0X001) . Closer inspection of the results in table 3 indicated that this between-group difference was mainly due to the proportion of participants who employed visual and non-visual strategies in the three groups. All EB used non-visual strategies (n 12), whereas LB used both visual (n 7) and non-visual (n 5) strategies, and S used mainly visual strategies (n 9 out of 12). A Fisher exact test indicates that there was a significant between-group difference in the proportion of participants using visual and non-visual strategies ( p 0X0004). The analysis did not reveal significant between-group differences in the proportion of participants who made use of a verbal (versus non-verbal) coding of information, or in the proportion of participants who relied on a kinesthetic (versus non-kinesthetic) strategy (Fisher exact tests, p 4 0X33). Thus, the three groupsö EB, LB, and S participantsödiffered mainly in their inclination to rely upon visual versus non-visual strategies.
Relationships between strategy and haptic recognition performance
Following the example of Vanlierde and Wanet-Defalque (2004), we assessed the relationships between strategy and haptic recognition performance by comparing discriminability A H in participants using visual strategies (n 16; 7 LB, and 9 S) and in participants using non-visual strategies (n 20; 12 EB, 5 LB, and 3 S). A Mann^Whitney test (see Siegel 1956 ) yielded no significant differences in discriminability according to strategy (visual group: mean discriminability 0.77, SD 0.12 versus non-visual group: mean discriminability 0.77, SD 0.19, U 149X50, p 0X75). We also examined whether the reliance upon verbal coding had any impact on haptic recognition performance. For this purpose, we compared discriminability A H for participants who used verbal coding (n 17; 5 EB, 4 LB, and 8 S) and of those who did not (n 19; 7 EB, 8 LB, and 4 S). Again, the difference was not statistically significant (verbal group: mean discriminability 0.76, SD 0.12; non-verbal group: mean discriminability 6.79, SD 0.14, U 150X50, p 0X73).
Correlations between mental imagery scores and haptic recognition performance
Scores obtained on mental imagery by EB, LB, and S participants appear in table 4. It may be noted that EB and LB adults both demonstrated higher tactile and kinesthetic imagery than the S participants. Kruskal^Wallis tests revealed significant between-group differences for both tactile (H 2 36 8X79, p 5 0X05) and kinesthetic imagery scores (H 2 36 7X99, p 5 0X05). We computed correlations between discriminability A H and mental imagery scores obtained in the VIQ (visual, tactile, kinesthetic) and MPFB tests. A single significant correlation was obtained. For the S participants, scores in the MPFB test correlated significantly with discriminability A H (r 0X78, p 5 0X01): sighted adults with high visuo-spatial mental imagery performed better in the haptic recognition task than those with low visuo-spatial imagery.
We may ask whether S participants who did not use visual strategies had low visuo-spatial imagery scores as compared to those who relied on visual images. The underlying assumption would be that some sighted subjects did not use visual mediation to process the tactile patterns because of their low aptitude in visuo-spatial imagery. An examination of the relationships between strategy, discriminability A H , and score in the MPFB (see figure 2) indicated that S participants who reported using non-visual strategies (verbal, spatial, verbal and kinesthetic) all obtained very high scores in both visuo-spatial imagery and haptic recognition (see top-right of figure 2) . Thus, the assumption that these subjects did not rely on visual strategies owing to low abilities in visuo-spatial imagery can be discarded.
Discussion
The present study shows that there is no significant effect of lack of visual experience and visual imagery in the recognition of 2-D raised-line patterns. Indeed, we found that EB adults did not perform at a lower level when compared to S or LB adultsöa result that cannot be accounted for by ceiling effects in performance. As hypothesised, EB, LB, and S adults reported having used different memory strategies to deal with the recognition task. Moreover, blind and sighted participants differed with respect to their (self-reported) mental imagery for tactile and kinesthetic information, with blind adults reported having more vivid imagery than sighted adults. However, neither between-group differences in strategy, nor in vividness of imagery were found to affect recognition of the raised-line patterns. Finally, in sighted adults, we found a significant correlation between recognition performance and visuo-spatial imagery abilities as measured by the MPFB: the higher the visuo-spatial imagery scores, the better the recognition performance.
A non-significant difference does not mean that there exists no difference between EB, LB, and S adults' ability to deal with 2-D tactile patterns. Nevertheless, it is worth reporting this finding when one considers the bias in the scientific literature to report positive results more than negative ones. Moreover, this is not an isolated finding, since it contributes to an already existing set of observations of non-significant differences in the performance of EB, LB, and S participants in tactile picture perception tasks involving, for instance,`texyform' drawings , stick human figure drawings (Kennedy and Domander 1986) , or metaphoric pictures (Kennedy and Gabias 1985) . Such non-significant findings suggest that some raised-line pictures, especially those that do not rely on an understanding of visual drawing conventions for comprehension, can be processed efficiently without recourse to visual experience and visual imagery (see Kennedy 1993) . Beside this possibility, our results make an important contribution to the research on tactile picture perception. We suggest that the ability of blind people to perceive 2-D tactile patterns may not be a restraint on tactile picture perception. The difficulties some blind people experience with figurative drawings (see, eg, Lederman et al 1990; may rather be related to difficulties in translating and making sense of visual drawing conventions than to inefficient mental representations or memory strategies used to encode the tactile graphic information. Possibly some aspects of line pictures are visual conventions, and they trouble the blind because the conventions need to be explained. Alternatively, it is possible that line pictures involve many spatial characteristics that both blind and sighted people who are beginning to use pictures initially find ambiguous.
The finding that strategy varied according to visual status and age at the onset of blindness is in line with previous reports (see , eg, Postma et al 2007) . As pointed out by Hollins (1985) , strategies used to perform mental imagery tasks depend on the individual's visual experience, and even a limited amount of visual experience may alter mental imagery. In fact, the LB adults studied by us reported imagery based on spatial elements for some images, and imagery based on visual elements for others. In contrast, EB adults were confined to the use of non-visual imagery (either verbal, or more abstractöspatial representations). The sighted adults relied mainly on visual imagery, supporting the view that vision is the`preferred modality' of people processing visual experience (see Vanlierde and Wanet-Defalque 2004) . It is worth noting that most of our participants combined their visual or non-visual imagery with a verbal coding of information. As demonstrated by Cornoldi et al (1991 Cornoldi et al ( , 2009 , the reliance upon verbal coding might compensate for difficulties in using pure visual or abstract imagery. Also, visual imagery may have facilitated representational labelling of abstract information (Bailes and Lambert 1986) . Therefore, on the basis of our results, it cannot be refuted that the use of verbalisation also contributed to the absence of between-group differences in our raised-line pattern recognition task and the lack of significant strategy effect on recognition performance.
Importantly, although the study of self-reported strategies proves useful for understanding similarities and differences between sighted and blind individuals in spatial imagery tasks, this method is obviously not exempt from bias (see, eg, Picard and Monnier 2009). First, as it is based on subjective reports, one cannot be certain that participants actually employed the same strategies that they verbally reported. Additional evidence would be needed to assess the reliability of self-reports. Second, the method solely provides data how information might be internally represented in high-level memory processing (processing that can be accessible to verbal reports), but not in lower-level memory processing (processing which occurs at subconscious levels and is not accessible via introspection). From these limitations, it seems clear that future studies would benefit from a combination of self-report procedures with the use of suppression conditions (eg dual-task designs) or with the manipulation of different instructions (see, eg, Cornoldi et al 1989) .
An interesting finding was the observation that visuo-spatial imagery scores of sighted adults correlated positively with their haptic recognition performance. This agrees with previous studies pointing to the involvement of visual mental imagery as a mediating process in the mental comparison of objects (Denis 2008 ; see also Lederman et al 1990) . For instance, Denis (2008) reported that individuals with good visuo-spatial imagery outperformed those with poor imagery when asked to compare distance on the basis of verbal information. Lederman et al (1990) argued that sighted subjects are strongly inclined to use visual mediation when they are faced with raisedline drawings of common objects. It may be assumed that good visuo-spatial imagery abilities enhance haptic recognition performance by facilitating visual imagery. However, as noted previously, not all individuals with good visuo-spatial imagery reported having used visual imagery to memorise the tactile patterns, which suggest that haptic recognition of tactile patterns could have been efficiently achieved without visual mediation. Further investigations into the relationships between visuo-spatial imagery abilities and tactile picture processing would be needed. For instance, future studies could compare two groups of subjects with good and poor visual imagery on their performance in identifying or discriminating raised-line pictures by touch. These studies would also benefit from a direct comparison between different types of tactile picture processing (eg drawings and patterns, 2-D, and 3-D pictures).
